The rapid establishment of crop seedlings for competitive resource use is critical for both organic and conventional production systems. Seedling vigor is directly related to a plant's seedling establishment and ability to compete against weeds. Knowledge is lacking on the variation of chickpea (Cicer arietinum L.) seedling vigor traits among the cultivars at early growth stages and how these vigor traits measured in the greenhouse and field correlate to final grain yield. Field and greenhouse studies were conducted to evaluate 23 chickpea cultivars. Nodule numbers per plant, nodule fresh weight, aboveground biomass and shoot height, and vigor index (VI)-I significantly differed among the commercial chickpea varieties and breeding lines in the greenhouse study. Aboveground and belowground biomass, N uptake, and VI-II also showed significant differences among the cultivars in the field study in 2017. The greenhouse-measured parameters did not correlate well with field measurements, except for VI-I and field-measured biomass. Although chickpea seed yield in 2017 was positively correlated with field-measured seedling VI-I and VI-II, greenhousemeasured VI-I and VI-II did not correlate with the 2017 seed yield in the field.
INTRODUCTION
Increasing crop diversification is an important step for increasing the profitability and sustainability of agricultural production systems (Hatfield & Karlen, 1994) . In the Canadian prairies, there has been a notable diversification in crop production in the semiarid regions due to an increased adoption of dry pea (Pisum sativum L.), chickpea (Cicer arietinum L.), and lentil (Lens culinaris L.), resulting in an intensifi-& Callihan, 1987) . Thus, growing a pulse crop in rotation with wheat can improve the agricultural system in terms of soil health, overall potential productivity, and environmental sustainability.
Chickpea is an important annual legume crop cultivated in semiarid regions (Labidi, Mahmoudi, Dorsaf, Slama, & Abdelly, 2009 ). This crop, also known as garbanzo beans in many regions of the world, is widely grown in Africa, Asia, the Mediterranean, the Far and Middle East, Central and South America, and Mexico for its edible seed. It is the third most important pulse crop in the world after dry bean (Phaseolus vulgaris L) and pea (Tuwafe, Boe, Kahler, & Wynia, 1986) . Compared with faba bean (Vicia faba L.) and lentil, chickpeas are regarded as a more suitable protein-rich food for infants and children in the Middle East (Tannous, Cowan, Rinnu, Asfour, & Sabry, 1965) . Chickpea seeds contain about 13-33% protein, 40-55% carbohydrates, and 4-10% oil (Stallknecht et al., 1995) . Chickpeas are the most nutritive pulse crop being extensively used as a protein source in starchy diets (Bharathi, Durga, & Rani, 2014) . Chickpeas are classified into two distinct groups: small-seeded "desi" and large-seeded "kabuli" types. Desi-type chickpeas are usually small, irregular in shape, and often dark brown to black colored, whereas kabuli-type chickpeas are larger, more rounded in shape, and pale cream in color.
Planting high-quality seeds and selecting good genotypes are important to improve seedling establishment, reduce disease development, and enhance competition with weeds. High seed quality is characterized by longer viability and strong vigor. Seed vigor is the property that determines rapid and uniform germination and the emergence and development of normal seedlings under a wide range of field conditions (Perry, 1987) . Seed vigor is directly related to the initial growth of the crop and affects the competitive ability of a plant against weeds (Dias, Pinto, Mondo, Cicero, & Pedrini, 2011) . The vigor of seeds is likely affected by both seed quality and genetics, and a lack of seed vigor has been shown to negatively affect chickpea productivity (Akhtar, Pervez, & Nasim, 2011) . Seedling vigor, an indicator of seedling size, health, and growth rate, is the product of several factors related to genetics and environmental influences (Collins, 2016) . Some environmental conditions may be managed to improve seedling growth, such as a greenhouse. Seedling vigor index (VI)-I and VI-II have been calculated to evaluate seedling vigor in specific environments (Abdul-Baki & Anderson, 1973; Kalsa & Abebie, 2012) . These indices are calculated by multiplying germination rate with aboveground shoot length (VI-I) or aboveground biomass weight (VI-II). These indices evaluate the seed vigor too because germination rate is a trait of seed vigor.
Little is known regarding variability in seed/seedling vigor among chickpea varieties and breeding lines. Furthermore, it is unclear how seed/seedling vigor measurements made under Core Ideas • Many seedling vigor traits measured in the greenhouse did not correlate with that measured in the field. • Seed yield was not correlated to the greenhousemeasured Vigor Indices I and II. • Seed yield in the field is affected by both seedling vigor and plant growth resources. laboratory or greenhouse conditions relate to those observed in the field and ultimately how the vigor relates to final grain yield. Van de Venter, Barla-Szabo, and Ybema (1993) reported that the standard germination tests conducted under optimal environmental conditions provide an appropriate estimate of seed viability but in most cases do not provide a good indication of seedling emergence under field conditions. Previous studies have addressed differences in seed vigor traits in field peas (Walia, Mohammed, & Chen, 2017) . The aims of the present study were (i) to compare the seedling vigor measurements of different commercial chickpea cultivars and breeding lines, (ii) to determine the correlates of the seedling vigor measurements in the greenhouse to the field measurements, and (iii) to determine correlates of the greenhouse and field seedling vigor measurements to the seed yield produced in the field.
MATERIALS AND METHODS

Greenhouse study
Twenty-three commercial chickpea varieties and breeding lines with different seed sizes were selected for this study, including one desi type (cv. Myles) and 22 kabuli types. A greenhouse study was conducted at the Eastern Agricultural Research Center, Sidney, MT, in 2017. The experimental pots were 21.5 cm in diameter and 22 cm high. Pots were filled with about 6 kg of 2-mm sieved soil collected from the top 15 cm of soil from the field study location described below. The experiment was arranged as a randomized complete block design with four replications and consisted of 92 total experimental units (pots). Seeds were treated with fludioxinyl and mefenoxam fungicide (Apron Maxx RTA, Syngenta) at a rate of 3.25 ml a.i. kg seed −1 and thiamethoxam insecticide (Cruiser MAXX, Syngenta) at a rate of 1.0 ml a.i. kg seed −1 to control soil-borne diseases and pea leaf weevil, respectively. BioSinc (Timac Agro) peat powder rhizobial inoculant was applied to seeds at planting. Seeds were planted in August 2016 at a rate of 10 seeds per pot and at a depth of 3 cm. All experimental pots received the same amount of irrigation water throughout the experiment. The conditions in the greenhouse were set at 16 h light/8 h dark, 21 • C during day/18 • C during night, and relative humidity of 50 ± 5% throughout the study time period.
To measure seedling emergence rate, plants in each pot were counted 10 d after seeding. At the seven-leaf stage, each plant was uprooted carefully and washed. Early growth measurements included shoot height, root length, nodule number, nodule fresh weight, and biomass of root and shoot after drying at 65 • C for 4 d. Seedling vigor indices were calculated using the following formulas (Abdul-Baki & Anderson, 1973; Kalsa & Abebie, 2012) :
VI-I = Germination% × seedling length (cm) VI-II = Germination% × seedling dry weight (g)
Field study
Field experiments were conducted at the Eastern Agricultural Research Center Dryland farm (47 • 46 ′ N, 104 • 14 ′ W; 670 m asl) near Sidney, MT, in 2017 and 2018. The soil at the experimental site is a deep, well-drained, nearly level William clay loam (fine, smectitic, frigid Vertic Argiustolls) soil formed in an alluvium parent material (www.ftw.nrcs.usda.gov). The N and P contents in the top 30-cm soil layer were 6.7 kg ha −1 NO 3 -N and 23.2 mg kg −1 Olsen-P, respectively. No fertilizer amendments were added prior to planting. Weather parameters (cumulative precipitation and average temperature) during the growing period are presented in Table 1 . The same 23 chickpea commercial varieties and breeding lines used in the greenhouse study were planted on 21 Apr. 2017. However, due to a shortage of seed in 2018, only the breeding/experimental lines for kabuli types and one variety of desi type (i.e., Myles) were planted on 25 April. Seeds were planted at a rate of 43 seeds m −2 and at a depth of 0.05 m. The plots were arranged in a randomized complete block design with four replications. The plot size was 9.3 m 2 (6.10 m long, 1.52 m wide), and the spacing between the rows was 0.30 m. The chickpea seeds were treated with the same fungicide and insecticide as mentioned in the greenhouse study and inoculated with the same peat powder rhizobial inoculant.
During the year 2017, 2 wk after seeding, plants in each plot were counted to determine seedling emergence. Then, at the seven-leaf stage, 10 plants were harvested on one end of the plot to perform early growth measurements and to calculate vigor indices following the same procedures as in the greenhouse study. In addition, the dried above-biomass samples were ground to pass through a 1-mm mesh screen and analyzed for total N (high-temperature combustion using a LECO TruSpec). Nitrogen uptake (g plant −1 ) was calculated by multiplying the concentration of N by the amount of dry matter produced. However, in 2018 only grain yields were measured at harvest. Plots were harvested on 29 July 2017 and 7 Aug. 2018 using a small plot combine to determine seed yields and 1000 seed weights. The grain yield was adjusted to 13% moisture content prior to statistical analysis.
Statistical analysis
Data were analyzed using the Proc GLM of SAS (SAS Institute, 2001). Means were separated using the Fisher's LSD test at P < .05. Data were analyzed in four steps: (i) an ANOVA was performed, and means were separated for seedling vigor measurements in the greenhouse in 2017 (Table 2) ; (ii) an ANOVA was performed, and means were separated for seedling vigor measurements in the field (Table 3) ; (iii) an ANOVA was performed, and means were separated for grain yield and 1000-seed weight in 2017 and 2018 (Table 4) ; and (iv) correlation analyses were conducted to determine the correlates between greenhouse and field vigor measurements and between vigor measurements (both in the greenhouse and field) and the yields in the field. Correlation coefficients between pairs were determined using Pearson correlation coefficients.
RESULTS AND DISCUSSION
Greenhouse study
A significant difference among chickpea lines/varieties was observed for the number of nodules per plant ( Table 2 ). The number of nodules per plant varied from 2.8 to 9.9 (mean, 6.2). The variety Myles was found to produce the highest number of nodules per plant with a value of 9.9, which was closely followed by Orion producing 9.7 nodules per plant. The line MT292 produced the lowest number of nodules per plant (2.8), which was followed closely by Sierra (3.9 nodules per plant). The fresh weight of nodules also varied significantly among the cultivars ranging from 0.02 to 0.3 g with a mean of 0.12 g (Table 2 ). Similar to nodule number per plant, nodule fresh weight was found to be highest for variety Myles (0.30 g), which was statistically similar to variety Orion (0.22 g). Variety Sierra produced nodules with the lowest fresh weight (0.02 g), followed closely by line MT292 (0.03 g).
Aboveground biomass per plant also varied significantly among different lines/varieties ranging between 1.27 and 1.57 g (mean, 1.45 g) ( Table 2) . Variety Frontier produced the maximum aboveground biomass per plant (1.57 g), followed by Sierra (1.55 g). The lowest aboveground biomass per plant was produced by the desi-type Myles (1.27 g) and the kabuli-type Orion (1.36 g).
Shoot height also varied significantly among lines/varieties ( Table 2) . The values of shoot height varied from 18.6 to 25.9 cm (mean, 22.8 cm). The maximum height was attained for line MT445 (25.9 cm), followed by line MT072 (25.1 cm) . The desi-type chickpea variety Myles attained the shortest plant height (18.6 cm). No significant differences among lines/varieties were observed in belowground biomass and root lengths (Table 2) . Belowground biomass per plant varied from 1.00 to 1.55 g (mean, 1.32 g). Root length ranged from 16.8 to 23.4 cm (mean, 19.9 cm). Total biomass per pot also varied among chickpea lines/varieties ( Table 2 ). The maximum total biomass per pot was produced by line MT445 (22.8 g), and the lowest biomass was produced by line MT292 (19.4 g), which was even lower than the biomass produced by desi-type variety Myles (19.8 g). Vigor index I varied significantly among different lines/ varieties under greenhouse conditions. Vigor index I ranged from 3783 to 4820 (mean, 4203). Line MT393 produced the highest VI-I (4820), and the lowest VI-I was measured for variety Black (3783) ( Table 2 ). There were no significant differences among lines/varieties for VI-II (Table 2) . Vigor index II ranged from 243 to 285 (mean, 272).
Field study
A significant difference was observed among different lines/varieties for aboveground and belowground biomass at seven-leaf stage ( Table 3 ). The aboveground biomass per plant ranged from 1.03 to 2.93 g (mean, 2.38 g). Desi-type variety Myles had a significantly lower aboveground and belowground biomass weight per plant as compared with other lines/varieties. The highest aboveground biomass per plant was observed for line MT393 (2.93 g), which was 184.5% greater than Myles. Belowground biomass per plant ranged from 1.16 to 2.96 g (mean, 2.43 g). Belowground biomass was highest for line MT072 (2.96 g plant −1 ). The belowground biomass of line MT072 was 155.2% greater as compared with Myles.
The aboveground-N accumulation also varied significantly among different lines/varieties (Table 3) . The highest N accumulation was found in variety Sierra (0.0101 g plant −1 ) and was statistically similar to line MT393 (0.0088 g plant −1 ). However, the aboveground N-accumulation was found to be the lowest in Myles (0.0030 g). No significant differences were observed among different lines/varieties for root and shoot lengths. The root length of chickpea lines/varieties varied from 11.3 to 14.2 cm (mean, 12.5 cm). The shoot length varied from 12.5 to 16.0 cm (mean, 14.1 cm). No significant differences in VI-I were observed among different lines/varieties. Vigor index I varied from 1100 to 1957 (mean, 1446). However, the lines/varieties showed significant differences in VI-II (Table 3) . Values of VI-II varied from 130.9 to 361.0 (mean, 259.4). The highest and lowest VI-II were found for Orion and Myles, respectively. The low VI-II value for the desi-type variety Myles resulted from its lower biomass accumulation.
Seed yield in 2017 and 2018
Due to the drought in 2017 (Table 1) , chickpea yields were extremely low (Table 4 ). Yields of different chickpea lines/varieties ranged from 157.5 to 425.4 kg ha −1 (mean, 274.1 kg ha −1 ). A significant difference was observed among different lines/varieties based on seed yield. Variety Myles yielded significantly higher (425.4 kg ha −1 ) than all other varieties/lines except Black (393.9 kg ha −1 ), which yielded statistically similarly to Myles. The lowest yield was obtained with line MT394 (157.5 kg ha −1 ). The yield of line MT394 was lower by 62.9% as compared with variety Myles.
Similar to yield, significant variations among different lines/varieties were observed for 1000-seed weight ( Table 4 ). The 1000-seed weight varied from 181.6 to 474.0 g (mean, 409.6 g). The 1000-seed weight was highest for line MT443 (474.0 g) and lowest for Myles (181.6 g), which yielded the highest in 2017. Variety Black, which yielded similarly to Myles, also had lower 1000-seed weight of 306.8 g.
With normal rainfall accumulations, the chickpea seed yields in 2018, were much higher than in 2017 (Table 4) . However, there were no statistically significant differences among the varieties/lines in their seed yields. The seed yield ranged from 2140 to 2868 kg ha −1 . The 1000-seed weight was found to be lowest with Myles (166.8 g) and highest with MT072 (476.4 g). In contrast to 2017 results, the highest yield was produced by the kabuli-type line MT394 with a yield of 2868 kg ha −1 , and the desi-type variety Myles, which yielded the highest in 2017, only yielded 2142 kg ha −1 .
Correlation between greenhouse and field seedling Vigor measurements in 2017
Only the desi-type chickpea variety Myles showed significant differences from kabuli types for various parameters (plant height, biomass weight, and seed sizes). Therefore, it was excluded for the correlation analysis. Greenhouse measurements did not correlate strongly with field measurements for all measured parameters, except in the instance of greenhouse VI-I and field biomass ( Table 5 ). This agreed with Van de Venter et al. (1993) , who reported that the standard germination tests conducted under optimal environmental conditions do not provide a good indication of seedling emergence under field conditions. Plants performed differently in greenhouse and field environments because many factors, such as disease pathogens and soil temperature, affected the seed germination and shoot and root growth. Biomass of chickpeas was found to be positively and significantly correlated with vigor indices measured under greenhouse conditions (Table 5) field conditions (r = .919, P < .0001). Biomass measured under field conditions was found to be significantly related to N uptake (r = .703, P < .0001), which indicates that genotypes that can uptake more N will likely produce more biomass.
Correlation between seedling Vigor measurements and yield in 2017
Significant and positive correlations were observed between field-measured VI-I and VI-II with yield (r = .285, P < .0089) (r = .215, P = .0491) in 2017 (Table 5 ). Higher seedling indices indicate higher germination rate and/or greater biomass growth at early growing stage. Takeda and Frey (1979) showed that plants producing more dry matter have a higher grain yield per plant because total plant dry matter is one of the factors determining grain yield. However, the greenhouse-measured vigor indices did not correlate with the field yield in 2017. This indicates that the seed/seedling vigor based on greenhouse-measured VI-I and VI-II cannot be used to predict chickpea grain yield in the field. Delouche (1980) reported that the major determinant of seed vigor is the environment experienced by plants during seed development.
Seeds developed under a drought-stressed environment likely have lighter seed weight and less vigor than those developed under normal conditions. Khajeh-Hosseini, Powell, and Bingham (2003) observed that the interaction between the seedbed environment and seed quality influences crop establishment and thus final yield. Planting seed with lower seed vigor and poor seedbed conditions could result in poor emergence and smaller plant populations and thus a reduction in final grain yield (Egli & Burris, 1971; Egli & TeKrony, 1979) . Higher seedling vigor indices resulted from higher seedling emergence, and more biomass production can provide a better competition with weeds (Dias et al., 2011) .
Correlation between seed size and seed yield in 2017 and 2018
A significant negative correlation was observed between yield and 1000-seed weight (P < 0.0001) (Figure 1) during the year 2017 when rainfall was much less than the normal amounts (Table 1) . However, during the 2018 season when rainfall amounts were normal, a significant and positive correlation was observed between seed size and seed yield (P = .0326). These results suggest that during drier years chickpeas with smaller seed size may better utilize the available soil moisture, finishing seed filling sooner and resulting in higher yields than bigger seed genotypes. In years of normal rainfall, however, the bigger seed genotypes have sufficient resources to fill the bigger seeds leading to higher yields. Results from this study indicate that the fast and uniform emergence of seedlings of the desired varieties with high vigor is important to maximize plant performance, which influences uniformity of development, competition against weeds, and yield. Dias, Mondo, and Cicero (2010) also reported that initial crop growth and plant competitive ability against weeds is directly related to seed vigor. However, plants performed differently in a controlled greenhouse environment compared with field conditions. Seed yields were also limited by environmental conditions, such as available soil moisture. Terminal drought can severely reduce seed yield even if the crop has strong seedling vigor in the early growing stages. Smallerseeded and early-matured chickpea varieties seemed to use water more efficiently in a dry year by filling the seed sooner and producing higher yields.
CONCLUSIONS
Commercial chickpea varieties and breeding lines in this study showed significant differences in nodule numbers per plant, aboveground shoot height and biomass, VI-I measured in the greenhouse, and the aboveground and belowground biomass and N uptake measured in the field. The greenhouse-measured parameters did not correlate well with field measurements except VI-I and field biomass. Although chickpea seed yield was positively correlated with field-measured seedling VI-I and VI-II in 2017, greenhousemeasured VI-I and VI-II did not correlate with seed yield in the field. Chickpea seed yield in the field is also limited by water availability. Smaller-seeded chickpea cultivars yielded higher under a drier year, and bigger-seeded cultivars performed better in a wetter year.
